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Transformer Design Methodology to Improve Transfer Efficiency of Balancing
Current 1n Active Cell Balancing Circuit using Multi-Winding Transformer

Sang-Jung Lee', Myoung-Ho Kim? Ju-Won Baek?, and Jee-Hoon Jung™

Abstract

This paper proposes a transformer design of a direct cell-to—cell active cell balancing circuit with a
multi-winding transformer for battery management system (BMS) applications. The coupling coefficient of the
multi-winding transformer and the output capacitance of MOSFETSs significantly affect the balancing current
transfer efficiency of the cell balancing operation. During the operation, the multi-winding transformer stores
the energy charged in a specific source cell and subsequently transfers this energy to the target cell. However,
the leakage inductance of the multi-winding transformer and the output capacitance of the MOSFET induce an
abnormal energy transfer to the non-target cells, thereby degrading the transfer efficiency of the balancing
current in each cell balancing operation. The impacts of the balancing current transfer efficiency deterioration
are analyzed and a transformer design methodology that considers the coupling coefficient is proposed to
enhance the transfer efficiency of the balancing current. The efficiency improvements resulting from the
selection of an appropriate coupling coefficient are verified by conducting a simulation and experiment with a 1 W

prototype cell balancing circuit.

Key words: Active cell balancing, Cell balancing techniques, Multi-winding transformer, BMS(Battery Management

System), Balancing current transfer efficiency

1 - A-I E Cossl CossZ CossS Coss4

HZ AAA o] Bd F A A Al ~Ele &
go] sojdd wet A AESe A FES 3l
N Jx A 42 (Energy Storage System, ESS)2] A}
go] Eoluba Qlrh oAl ESSe] A% 8= wiy
Y7t 7 Wol o] &5, 53] dux 4k H Hy U
=7t % glE ol wiEEF FE Ao "ok 1
dr 2lF o] wigEl= 1 ekl 54 el &4

+Veenr- +Veelz- +Veeiz- +Veens-

Paper number: TKPE-2018-23-4-3 Fig. 1. Active cell balancing circuit using a multi-winding

Print ISSN: 1229-2214  Online ISSN: 2283-6281 transformer.
T Corresponding author: jhjung@unist.ac.kr,
School of Electrical & Computer Engineering, UNIST HE bt A 2 8 (Batt M t  Svst
Tel: +82-52-217-2140  Fax: +82-52-217-2109 1E12) _ﬁ . ]5 wH(Ba e v
"' School of Electrical & Computer Eng., UNIST BMS)o] g7A AFso] Algdd #E ol wlgZr}
? Power Conversion and Control Research Center, HVDC AR =2 He oA Ao HEE BMSZF HiE g
e o o AelE A 2 Aofshizd, olEd BVMSS 7% %

Manuscript received Jan. 12, 2018; revised Jan. 23, 2018; j ]
accepted Mar. 19, 2018 g 7R A MPds 38 g dth



= Eefol

v =

Aol 1Al wet 3=

Ay
AL

s 2

S

] Al S
A4S 73

= E]Eo Q0 g] 1 o} AV4
21T O. ’\“37 —o;l

248

W~
= )
XLM#M_ﬂ/aﬂwﬁuﬁ To % N
< pe 5 z%du.
ﬂfre__u_xw_d i WE R B R ey
Mﬂdlﬂmwf ogxhﬂﬂ@ﬂw _idr%oTELmﬁi, <
d%@iW% @@ﬂ%% wEIE W&g.id% -
.CLI JQJI]JII o LUOE]LE.#JI,W Xﬁl ol R T Y
w LOEO,WE 1] L EL_/_A S~ T_A ‘EI.A\ALuﬂ ogE\Ul U‘WLHOMOTLL
ol o F T R Lweme.]sr% ﬂl}mﬂ%Ew_/rExw} BE e < o 2 Iy
a 5 H e X o IR @4&%&%; ) e g 5
X T M o o e R o > X 9 3%
T E o i BT R 50 %%ﬂ@o@%qga T B T ENZIET o
et = 2 = o X g o
N, Rl ] 7E14aoMQm}z;ovw% uﬁﬂjleﬂﬂo s
i%W%mwwwﬂg%M TR ﬂhd#%%ﬂyﬁm wawkq¢%ﬂl%
= o 0 X 1o
ome]A 7aﬂMﬂA|mT,mAﬂﬁx op ﬂlioﬂi 1Aﬂﬂmea o as _]o#aoz_ N
9T = D E N g 2 | d.%@rgmumaao% w %%%g;&ﬂwﬂv
x%%lh%.l o e ST H oS -y w2 g i]JL,ﬂAnazL 5
%i%u@%W1%#§? 0T nznﬂﬂﬂ.AmuH%ue% }ﬂ_xy?ﬁx w
EﬁJﬂﬂouxrdmnﬂ%@_ﬂ KT %M%Td..nﬁurwﬂﬁevﬂmb @frmmnmeﬂﬁweﬁmwu.ﬁg
~ il < il =l T
A#,NO‘WE.#OC‘IWWZQMEE.*QO Lo ﬂMH.OImMMNnOE‘IﬂOﬁWﬂZL] R ;0,50‘: EOMH‘QHI%MM
Hfﬁﬂﬁ@moﬁ%i%mza o ﬁ@%%#ﬂmfw& T om Qﬂa%a@ﬂz%b
_— ) 3 ! s
maweﬂﬂofre_ﬁﬁuhﬁwrmﬂ? ufﬁxoMLaﬂLzmhﬁn_@wemw ﬁEﬁﬁ;rW@ﬂlﬂ
L em BT =W L a)mﬁ,_g_%%vz%we g CEETRLYE !
T It =E3Z a5 PP favk LTy
ndr.crdmmoiéiogwamﬁ Ld.i uTMmﬂﬂfm_E%@7 x%i%anxigmmﬂﬁ
wﬁahﬂmjy@ﬂ?%ﬁ_gxﬁ pﬁ,ﬁ%ﬂwﬁéﬂwqﬁmﬁ% M%%Wﬂszgixi
o B T o B W 0 = b= Qe woy cwE v A
S Moo w Eo%%w”u%@x,mhmimuﬂamo aaZnﬂoLﬁoWﬂﬂ@E@
ﬁu]x%ﬂ%mﬂ . %Aﬂmeme]oawu P Wﬂwﬂ L e N avfﬂﬂmlﬂa ol 2
5T B X ﬂé%oiouijmu#] 750@1_%@%@05% 1aud7ﬁﬁlr4ugaw|ﬂ
o el el = = o] = o (R déa
=) ~ NOB e w ol N Lﬂxoﬂ e < A _1&.,_0 MEM. o
?ﬁie, e ﬂL_,oio_LJuV]yxaL[h;ou%] TR T L GEl Ty
e TG P R P W = i M T W R
ou:TJm._E XK= = B 7 o Wy 0 Mol CENENES
Ea }ﬂ%.s_mmmmx aﬂor@owa elglao»mﬂ{_nmocfvdlﬁloﬁﬂ_.xATEoﬂo@] N
o LR T e =o O LoLloz_xnm = — o o= X X X =
%MW%&M4M%@W%@W@u.4%@%EMME%%%MzX@wawwaOﬂ1
ﬁmml@mw%mrxﬂuﬁr%ﬂﬂ@%ﬂ%%%%ﬂEEMHEOATJ%JWMMo%mh_ca]wthM&W
ﬁ1%&%ﬂ%ﬂwwﬂwﬂ@@wigiﬁwﬁingmwmm%ﬂu%A@%waﬂ
LN L oF op 1<J|HL,11 o Rl ) 1 of . ]}id]_l =
_~ <X JEHHOXLO 7.AE J-EE Oﬁ‘ur_ \lpt ) q — N r X Q%U <© \UIOT
o EOJIE.#;A:A ! — KFE = = H*O,Hr.cq »]]E_ULOE < O]Jl Y
wailmo;%%w@@g%o%@wwngwQWOM@@mm%%g%oﬁwga
- . T = = = I = ) —
m%ﬂW%%&ﬂ%{nsx@M%M%g@ﬂgWﬁ@%%M?@qy1@%&gﬂi%g
T VWOQ}QQ%ELE? %%%4&@@%&& q%%ﬁﬂﬂ}@ﬂwﬁ%%ﬁﬂo
‘Dlﬂwc§7ﬁqm|o He]‘v .nnoﬂooWAT‘q‘D!bo Be = ol — o Noﬂlq.‘_uw_uul,vgitﬁ;oﬁlxﬁl
2o ok T X2 L 4§Hm%%§A%%@@§E%%o A
oece x &H%M4¢ﬂ4 %xdﬁggwygﬁﬁé %%.o¢}ﬂ@ H%%k%
%gﬂﬁwmﬂ%q%%%ﬁwwggwwﬂ%%g %%@ﬁﬂﬂ%#%%MW%ﬂéaﬁ
oy T ~ X = N © 1~ e _ ph 9 oy o = ! i
ﬁ@&%;rMﬂ%%MWﬁioL7Ma7Eouoﬂmmmwl%mﬂwmﬂ7wur&Enoii%mwﬂmﬂmf?ma
= % BB T o ]ﬂop_ <0 — =0 ol a]idl _ ]];%13
CRTEE %ﬂ%%%%q @g@%%gﬂ%q@ﬂ%@%ﬁxww&ﬂwwomafﬁ
iﬂii@ﬂﬁa&o]ma ﬂﬁmﬂaaweﬂn_.oﬁo He o — ﬂEd]JLIA Wﬂ;oodl. =1
Ho ) ko — X0 ~ In et < Ho = X =B = = pard - X
f%%ﬂ%z&%ﬂﬂﬂx%ﬂﬁ@z%%@ﬂ%ﬁ%#%#Mcdﬂwm %ﬁ%%moﬁ_
xﬂﬁam}qﬂﬁ o to T RO | & P T % o) o o
,#XZ_IUAVHMO%MM%A?%WEEXENM@MATﬂLxei&LtW_ILC&MEur_ﬂdlmﬂumw&mw
o o ™~ ﬂ%mﬂﬂx%m@mﬂﬂxﬂﬂWA§ﬂwuiﬂw1ﬂlmmﬂﬂ
qupoﬂaoO]LEO#EMOMEENoﬂ}Ioﬂ7MeﬂE_AW
F T o & iﬁﬂyl%%%i@
Hoon*we_]m,_iﬂlwlwﬂuimﬂﬂwlﬂ
SIS

(€]

ok olw o]

T LRt ofye} Lol = . o
L s
W= Aol ek o] Akl
oA A

1

k9]
had

e

(t 7t()) .

E
“

%

VCelll
le + Lm

to] S

1094 AuAE Wskr1e #gt <

=

A
ip ()

1 [to—tyl:
(Ll A7st7] 4

RrE
2

el oA

A
7J_ 214 (direct cell-to—cell)

9|

S HeEIth dejel Ao A

]

Q77h FAE AL 2

}

kel
psl



The Transactions of the Korean Institute

Lot I Ih I
I I I I
+Vee-  +Veenz-  +Vees-

|
—
+Veeii-  +Veem  +Veenz-  +Vcels-
(b)
Cossl CossZ C s3 C ssd
+Vosil- +7|5051‘ +ﬁ>js:3|' +{Vpsa-
Tll [ 121 :' 1Yi- :
- I -
S1 ILl‘ S; : S3 |_I Lz‘ ES4 :
L= ] ]
£ L g
; ] ]
] ]
Lik Li2§ '
[T S P I [ I
I If I If
+Veeiii-  +Veeim  +Vecens-  +Vcels-

- e - -

||
R Q|

+Veela-

+Veel-

+Vceliz-

(d)
Fig. 2. Current path of circuit in flyback operation :

(a) Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4.
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Fig. 3. Equivalent circuit in flyback operation : (a) Mode 1,
(b) Mode 2, (c) Mode 3, (d) Mode 4.
Sy Sy S
iLl /
iLZ
‘7(1\"2";};11) WA 1\
_“(1\"1 V V
‘*(1\"4
s AN
~(Veast V) MMAARAMAA |
to t;tz ts ta ts
(a) VLm_VCe/M <0
S Sy S
iLl
iL2
VeantVop
Vi, AWA
-V(‘t‘lll v
V ey
Vi \,/\V/\
~(V caiat V) MAMMVANAWA
to tity t3ty ts

(b) VLm_VCe/M >0

Fig. 4. Key waveform in flyback operation.
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Fig. 5. Transfer efficiency of balancing current in flyback
operation.
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Transfer Efficiency of Balancing Current in Buck-boost Operation
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Fig. 9. Transfer efficiency of balancing current in buck-boost
operation.

Average of Balancing Current Transfer Efficiency
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Fig. 10. Average of balancing current transfer efficiency.
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Fig. 14. Simulation result in buck-boost operation : k = 0.98.
TABLE I
EXPERIMENT CONDITION
Parameter Value
Nominal cell voltage 3.7 [V]
Vp 0.8 [V]
Jw 30 [kHz]
L 78 [uH]
L, k =09 76.44 [uH]
k=0% 74.1 [uH]
I k =098 1.56 [uH]
i k = 0% 39 [uH]
Css 300 [pF]
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TABLE 1T 1., [200mA/div] o daantl
EXPERIMENT RESULT OF FLYBACK OPERATION
Flyback operation g
Transfer 10us/div
Parameter Value .
efficiency
IL] charge 113 [mA] I ;[200mA/div]
k=0% = 69%
ILLnon*largel 35 [I’I’IA] ? _
Kk = 098 T11_charge 1237 [mAl 89% : L0us/dty
' 111 non-terget 125 [mA] ? Fig. 15. Experiment result in flyback operation : k = 0.95.
TABLE 1II 1;.,[200mA/div] P

EXPERIMENT RESULT OF BUCK-BOOST OPERATION

Buck-boost operation

10us/div
Transfer
Parameter Value .
efficiency 1,,[200mA/div]
IL1 charge 113 [mA] ' :
k =095 = 9 %
IL2,non*largel 0.72 [l’l’lA] ? . 10us/div
11 charge 1237 [mA . . . .
k =098 L1 charg [mA] 988 % Fig. 16. Experiment result in buck-boost operation : k = 0.95.
IL2,non*largel 1.44 [l’l’lA]
o] Ao w_= = b ue = 1,,[200mA/div] i e
0% o A5 H-F2E F& A dlFf-Zo] A7} &
A ATk AW Feolu FAIAE W] =
o AgH oy Aol A 10us/div

! l 1;;[200mA/div]
=R BEahA e Ao AuE= ookl of
11 9% A 2ART % Ao ouxg mfqom
Ags 4 9tk o] A9 ¥W-FBEAeE mr sl of Fig. 17. Experiment result in flyback operation @ k = 0.98.
99%2] WA AF A §&S 2] wite] F 52
A BT gapdor A WHAgS 388 4 9lth U — ! T

10us/div

41 HHY MR MY &2 L hazoomaiv]

12 A8 21s YeRda Qo ) s A
o]y 9 #& 7RItk 29 159 19 162 7t L
7y AEY AF7E 095 o Zfolw W-H~E AF  Fig 18 Experiment result in buck-boost operation : k = 0.93.
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